Lower Cretaceous mainly white and/or gray pelagic cherty limestones have been sampled in the APTICORE drill core and in the adjacent outcrop at Cismon, Southern Alps, Italy. Magnetic polarity stratigraphy of the drill core indicates that the top of the section is in the Cretaceous long normal polarity interval, 26 m above the reverse polarity zone correlative to polarity chron CM0. The base of the drilled section, at a stratigraphic depth of 116.71 m, is in a reverse polarity zone correlative to CM9. The coeval stratigraphic interval has been sampled in the adjacent outcrop in order to tie the drill core record to the outcrop. The correlation of polarity zones to polarity chrons is aided by the known correlation of nannofossil events to polarity chrons in other Italian land sections. New magnetostratigraphic sampling of the proposed Barremian-Aptian boundary stratotype section at Gorgo a Cerbara (Umbria, Italy) improves the definition of CM0 in this section and facilitates correlation to Cismon. Revised nannofossil biostratigraphy based on quantitative analyses greatly increases the stratigraphic resolution of the Barremian-Aptian boundary interval both at the proposed boundary stratotype (Gorgo a Cerbara) and at Cismon.
INTRODUCTION
The magnetic and biostratigraphy of the ϳ400 m Hauterivian to Campanian section located on the west bank of the Cismon River at lat 46.04ЊN, long 11.76ЊE (Fig. 1) , was originally documented by Channell et al. (1979) . At the time, the M-sequence (Early Cretaceous) magnetic stratigraphy in the predominantly gray thin-bedded pelagic limestone section was not interpretable prior to polarity chron CM3 (earliest Barremian) due to the poor pattern fit of polarity zones to the oceanic magnetic anomaly record of Larson and Hilde (1975) . The interpretation of pre-CM3 polarity chrons was facilitated by subsequent nannofossil biostratigraphy (Bralower, 1987) at Cismon, and in Umbrian (North Apennine) sections where magnetic stratigraphies were established by Lowrie and Alvarez (1984) . On the basis of these studies, Bralower (1987) suggested that the magnetic stratigraphy in the Cismon outcrop extended back to CM10N (early Hauterivian). Following Helsley and Steiner (1969) , who first postulated the existence of the Cretaceous long normal polarity interval, the Cismon section provided its first documentation in a single stratigraphic section (Channell et al., 1979) . The overlying Campanian to Paleocene magnetic stratigraphy and biostratigraphy at Cismon were documented by Channell and Medizza (1981) .
Recent magnetostratigraphic sampling of the CM8-CM10N (Hauterivian) interval of the Cismon section (Mayer, 1997) has not amended earlier studies.
The Cismon section was selected as the best possible reference section for the APTICORE Program, the mission of which is to document the record of mid-Cretaceous greenhouse climatic warming (Erba and Larson, 1998) . The need for a continuous, uninterrupted section for biostratigraphy, cyclostratigraphy, and geochemical studies led to the drilling of a single 131.8-m-long bore hole through the middle Aptian to lower Hauterivian section (Erba and Larson, 1998; Erba et al., 1999) . Drilling was carried out in December 1995 and January 1996. The core recovery was essentially 100% with a core diameter of 11 cm. The hole was then reamed to 20 cm diameter for geophysical logging.
The preliminary lithologic description of cores was carried out at the drill site (see Erba and Larson, 1998; Erba et al., 1999) . Cores were sectioned in 1 m lengths, packed in wooden crates, and transported to Milan for additional lithologic description, whole-core magnetic susceptibility measurements, core splitting, and subsampling. Prior to splitting, susceptibility measurements at 5 cm intervals downcore were carried out with a Bartington MS2 susceptibility bridge and a 15-cm-diameter sensing loop. The cores were not azimuthally oriented in situ at the drill site; however, dip of the bedding, which varies from 17Њ to 55Њ downdip to the south (Table 1) , allowed the cores to be oriented in azimuth after recovery. The cores were split along the dip line, and 2.5-cm-diameter cylinders were drilled perpendicular to the split surface of the eastern (working) half of the core at 20-30 cm intervals. All cylindrical samples were therefore assigned an azimuth of 90ЊE and a dip of zero. Downhole logs indicated that the borehole did not deviate by more than 2Њ from the vertical. Bedding tilt correction to the magnetic remanence directions was performed by utilizing dip measurements determined from the recovered drill core and bedding strikes measured in the coeval outcrop. The 2.5-cmdiameter cylinders were trimmed to lengths of 2.3 cm and the end pieces were labeled and sent to colleagues for biostratigraphic and stable isotope analyses, ensuring unambiguous correlation of the resulting data with the magnetic stratigraphy.
MAGNETIC POLARITY STRATIGRAPHY
Cylindrical samples were selected at 30-40 cm intervals downcore for determination of the magnetic polarity stratigraphy. After measurement of the natural remanent magnetization (NRM), which had values in the 0.1-1 mA/m range, stepwise thermal demagnetization was carried out from 100 to 500 ЊC in 25 ЊC steps and from 500 to 560 ЊC in 15 ЊC steps. After demagnetization at ϳ200 ЊC, a characteristic magnetization component is isolated as indicated by a linear trend to the origin of the orthogonal projections (Fig. 2) . Component directions were determined by visual selection of the linear portion of each orthogonal projection defining the characteristic high blocking temperature component, and using the standard least-squares method ( Fig.  3A ; Kirschvink, 1980) . In Figure 4 , the component declination and inclination are plotted against stratigraphic depth. The maximum angular deviation (MAD) values Ͻ10Њ indicate that the components are generally well defined. Stratigraphic depths were computed from the distance below well head (mbwh) and bedding dip estimates were determined from the recovered core (Table 1) .
In the more than 20 years since the original magnetostratigraphic sampling of the outcrop at Cismon (Channell et al., 1979) , the outcrop markings have disappeared. For this reason, we resampled the outcrop coeval with the section recovered in the drill core in order to provide a means of correlation from the drill core to the outcrop. The coeval outcrop at Cismon is divided into a stratigraphically upper and lower section separated by the road tunnel entrance (Fig. 1) . The upper section lies in the road cut on the western side of the road, and the lower section lies along an unpaved track to the east of the road tunnel along the bank of the Torrente (river) Cismon (Fig. 1) . The top of the lower section is approximately at the same stratigraphic level as the base of the upper section. The join between the two sections is in the upper Barremian (polarity chron CM1n).
Samples were collected in the outcrop with a hand-held gasoline-powered drill. The stratigraphic distance between samples was dictated by the quality of the outcrop and the degree of exposure. Samples were generally collected each 20-30 cm stratigraphically along the section; however, this interval was not achieved everywhere, particularly in the upper section where exposure is discontinuous. An arbitrary zero level was placed on the outcrop at a level estimated to be close to the base of the drill-core section. Each meter is indicated in blue paint on the outcrop so that these levels can be identified for future studies that may require magnetostratigraphic age control.
For the upper section, 24 of the 74 samples were stepwise demagnetized using alternating fields in the 5-100 mT peak field range. The remaining samples from the upper section and all samples from the lower section were thermally demagnetized. After measurement of the natural remanent magnetization (NRM), stepwise thermal demagnetization was carried out in 50 ЊC steps from 100 to 300 ЊC and in 25 ЊC steps from 300 to 575 ЊC. Orthogonal projections of thermal demagnetization data (Fig. 5) indicate that the characteristic component is defined after demagnetization at ϳ200 ЊC. The maximum unblocking temperature of ϳ575 ЊC indicates that magnetite is carrier of the NRM. Alternating field demagnetization of samples from the upper section ( Fig. 5) indicates that the characteristic magnetization component can be demagnetized in peak fields greater than ϳ50 mT, again indicative of a low coercivity (magnetite) remanence carrier (see review of magnetic properties of Italian Cretaceous pelagic limestones by Channell and McCabe, 1994) . Component directions were determined by visual selection of linear portions of each orthogonal projection, and then using the standard least-squares method (Kirschvink, 1980) to compute the component direction (Fig. 3 , B and C). In Figure 6, the component declination and inclination are plotted against stratigraphic depth for the lower and upper sections. The maximum angular deviation (MAD) values of Ͻ10Њ indicate that the components are generally well defined. Virtual geomagnetic pole (VGP) latitudes for the drill core and the outcrop ( Fig. 7) provide correlation among the three sections.
The data for the drill core and the lower outcrop pass the reversal test at the 95% confidence level, with a classification at the boundary between A and B (see McFadden and McElhinny, 1990 ). The test is indeterminate for the upper section due to insufficient (reverse polarity) data. The drill-core characteristic magnetization components are more scattered than those from the lower and upper outcrop sections ( Fig. 3 ; Table 2 ). The scatter of component directions in the drill core is largely in declination ( Fig. 3A) and is therefore attributable to errors in azimuthal orientation of the drill core. Azimuthal orientation of the drill core was determined by observation of the bedding dip direction in the recovered core. The bedding dip varies from 17Њ to 55Њ (Table 1 ) and the azimuthal uncertainty in core orientation increases as bedding dip decreases.
CORRELATION OF POLARITY ZONES TO BIOSTRATIGRAPHIC EVENTS
The correlation of nannofossil events to polarity chrons for the Hauterivian to Aptian has been established from numerous Italian pelagic limestone sections in the Southern Alps and Umbria (e.g., Channell et al., 1979 Channell et al., , 1987 Channell et al., , 1995b Bralower, 1987; 1992). In sections characterized by fairly constant sedimentation rates, the pattern of polarity zones can be matched to the geomagnetic polarity time scale (GPTS) to identify polarity chrons. The process is aided by the presence of biostratigraphic events with known correlation to polarity chrons. The continuous record of the Cismon core for the upper Hauterivian to lower upper Aptian allowed recognition of several biostratigraphic events based on calcareous nannofossils, planktonic foraminifers, radiolarians, and dinoflagellates (see Erba et al., 1999) . All the standard nannofossil events previously calibrated to polarity chrons in low-latitude sections were identified. Additional events based on quantitative analyses of nannofloras greatly improved the stratigraphic resolution.
The nannoconid crisis has been dated in various land sections and deep-sea cores as younger than CM0 and slightly older than the oceanic anoxic subevent 1a (Erba, 1994) . In the Cismon drill core, the nannoconid crisis occurs below the base of the Selli (black shale) Level and above the polarity zone correlative to CM0 (Fig. 8) . The same stratigraphic position for this event has been observed in other Italian sections (Fig. 9 ) as well as in Deep Sea Drilling Project and Ocean Drilling program cores from the Pacific and Atlantic Oceans (Erba, 1994; Bralower et al., 1994) .
In the Cismon drill core the first occurrence (FO) of Rucinolithus irregularis is just prior to polarity chron CM0 (Fig. 8) , consistent with its position in other Italian sections (Fig. 9) . The FO of Nannoconus truittii in the Cismon drill core also is just prior to CM0 (Fig. 8) and was reported at similar or slightly younger levels (within CM0) in other Italian sections (Fig. 9) . We attribute the significantly older first occurrence in the Capriolo and Cismon outcrops (Bralower, 1987) as due to contamination or taxonomic discrepancy. The FO of N. truittii has not previously been utilized in magnetobiostratigraphic correlations; however, it is potentially very useful due to its common occurrence in marginal to oceanic settings at low and high latitudes.
In the Cismon drill core, changes in nannoconid abundance and characteristics are recognized in the vicinity of CM0 (Fig. 8) , providing additional means of correlation to other sections. In particular, a marked decrease in abundance of narrow-canal nannoconids (named nannoconid decline) precedes CM0 and is correlatable with the FO of R. irregularis. This nannoconid decline has been observed in other Italian sections (Fig. 9 ) and oceanic sites (Erba, 1994) . In the Cismon drill N core, the nannoconid abundance decreases within CM0 to a level where, for the first time, the wide-canal nannoconids become more abundant than the narrow-canal nannoconids (Fig. 8) . Quantitative analyses of nannofloras have revealed the same change within CM0 in other Italian sections (Fig. 9 ) and deep-sea cores (Erba, 1994) .
The identification of CM3 in the Cismon drill core is supported by the position of two nannofossil events, namely the last occurrences (LOs) of Calcicalathina oblongata and Lithraphidites bollii. These two nannofossil events have consistent occurrence relative to polarity chrons in numerous Italian sections (Fig. 9) . Similarly, the FO of Rucinolithus terebrodentarius and the LO of Cruciellipsis cuvillieri generally occur in the CM7-CM8 interval and CM8, respectively, permitting identification of these polarity chrons in the Cismon drill core. Quantitative investigations of Hauterivian nannofloras at Cismon indicate that the acme of pentaliths (Micrantholithus and Braarudosphaera) is close to 76.0 m in the Cismon drill core. This peak has been identified close to the onset of CM5 in the Breggia wall section ( Fig. 10 ; unpublished data augmenting original study of Breggia wall section by Channell et al., 1993) . The end of the acme of pentaliths occurs in the 72-73 m interval in the Cismon drill core and in CM5 at the Breggia wall section (Fig. 10) . The presence of L. bollii at the base of the Cismon drill core indicates that the reverse polarity zone at the base of the section correlates to CM9 rather than an older polarity chron (Fig. 9) .
The meter levels of polarity zone boundaries in the drill core and in outcrop, and the correlation of polarity zones to polarity chrons, are given in Table 3 .
PROPOSED BARREMIAN-APTIAN BOUNDARY STRATOTYPE AT GORGO A CERBARA
The Gorgo a Cerbara section (northern Umbrian Apennines) comprises the Aptian-Albian Scisti a Fucoidi Formation overlying Maiolica Limestones (see Coccioni et al., 1992) . The magnetic stratigraphy of the Gorgo a Cerbara section was studied by Lowrie and Alvarez (1984) , who identified a sequence of polarity chrons from CM0 to CM10N in 180 m of stratigraphic section. Subsequently, the nannofossil and foraminiferal biostratigraphy of the Barremian-Aptian part of the section was documented by Coccioni et al. (1992) . The importance of this section to chronostratigraphy was accentuated by ammonite finds (Cecca et al., 1994) documenting the first biostratigraphically useful sequence of ammonites to be found in a Maiolica section, allowing the section to be directly tied to ammonite zones and hence to Hauterivian and Barremian stage boundaries. Since this important discovery, ammonite finds were correlated to polarity chrons in other Maiolica sections of Valanginian to Aptian age from Umbria and the Southern Alps (Channell et al., 1995b) . This allowed geologic stage boundaries and nannofossil events in this interval to be directly correlated to polarity chrons (and hence to each other) for the first time. Previously, the correlation of nannofossil events to stage boundaries relied essentially on the correlations of Thierstein (1973 Thierstein ( , 1976 Stratotype sections or stratotype boundary sections have rarely been redesignated in the history of the International Stratigraphic Commission. The only case of a stratotype boundary section that has been officially redesignated is the Miocene-Pliocene boundary stratotype at Capo Rossello (Sicily; Cita and Gartner, 1973) .
A few years ago the Subcommission on Cretaceous Stratigraphy promoted the revision of all Cretaceous stages with the purpose of redefining the stage and substage boundaries and redesignating the boundary stratotypes. Within this framework, the Aptian working group selected the base of the polarity zone correlative to CM0 as the event defining the base of the Aptian stage and, therefore, the Barremian-Aptian boundary (Erba, 1996) . As a consequence, the Gorgo a Cerbara section was proposed as a boundary stratotype for the base of the Aptian. Formal ratification of this proposal should take place in the near future. The decision placing the Barremian-Aptian boundary at the base of the polarity zone correlative to CM0 constitutes the first use of a magnetic polarity chron in the official definition of a geologic stage boundary. In view of the central role of geomagnetic polarity in the development of modern time scales (e.g., Cande and Kent, 1992; Channell et al., 1995a) , it seems logical to continue this important initiative and revise the definition of other geologic stage boundaries to include their correlation to polarity chrons.
In order to improve the definition of CM0 at Gorgo a Cerbara, we resampled the interval originally sampled by Lowrie and Alvarez (1984) , and correlated our samples to the original meter levels of Lowrie and Alvarez (1984; see Erba, 1996) . Magnetization intensities are highly variable and close to magnetometer noise level. Component magnetizations, however, were resolved by thermal and alternating field demagnetization. The resulting directions were computed using the standard least squares method (Kirschvink, 1980) . VGP latitudes were determined from the component directions (Fig. 11) . We place the base of the polarity zone correlative to CM0 at 893.2 m, indistinguishable from the original designation by Lowrie and Alvarez (1984) . The top of the polarity zone is at 895.2 m, about 70 cm higher in the section than the original designation. Intermediate component directions (VGPs) at the polarity chron boundaries probably indicate superimposed dualpolarity magnetization components where neither thermal nor AF demagnetization is successful in resolving individual magnetization components. Calcareous nannofossils have been quantitatively investigated in the upper Barremian-Aptian interval at Gorgo a Cerbara using the same methodology (see Erba, 1994) applied to the Cismon core. In the Gorgo a Cerbara section (Fig. 12) , the nannoconid crisis is at the base of the lower critical interval (Coccioni et al., 1992) , preceding the Selli Level and above the polarity zone correlative to CM0. The FO of R. irregularis is prior to CM0 and is followed by the FO of N. truittii (Fig. 12 ). Significant changes in nannoconid abundance at Gorgo a Cerbara are consistent with those detected in the Cismon core (Fig.  8) . In particular, a sharp decline in abundance of narrow-canal nannoconids postdates the FO of R. irregularis and precedes CM0. In the upper part of CM0, the nannoconid abundance further decreases and wide-canal nannoconids outnumber the narrow-canal forms (Fig. 12) .
SEDIMENTATION RATES
The identification of polarity chrons in the Cismon drill core and outcrop allow mean sedimentation rates within polarity chrons to be estimated. The age-depth plots for the drill core and coeval outcrop are comparable (Fig.  13) , indicating consistent identification of polarity chrons. We use the CENT94 time scale (Channell et al., 1995a) for the age of polarity chron boundaries. Sedimentation rates are variable within the section (Table 3) Table 3 ; Fig. 13 ). In other Italian sections, the sedimentation rates in the CM0-CM2 interval are also variable, showing no consistent trends that might indicate time scale problems (Table 4 ; Fig. 13 ).
Whole-core volume magnetic susceptibility values in the Cismon drill core are generally positive, with 12 negative (diamagnetic) values in the 2339 values recorded downcore. Two intervals of higher (ϳ20-60 ϫ 10 -6 SI) susceptibility were recorded in the 5-8 m and 73-80 m intervals (Fig. 4) , and correspond to lithostratigraphic units 2 and 6, respectively. Unit 2 is a reddish limestone-marlstone-chert unit and unit 6 is a reddish pseudonodular unit. The higher susceptibilities are associated with the only two reddish intervals in the drillcore stratigraphy. The red color is undoubtedly attributable to pigmentary hematite (see Figure 12 . Gorgo a Cerbara: absolute abundance (number of specimens per square millimeter of thin section) of narrow-and widecanal nannoconids in the vicinity of CM0. Other first occurrence (FO) datums are indicated. Channell and McCabe, 1994) ; however, there is no evidence that hematite contributes to the NRM (see Figs. 2 and 5) . The higher susceptibilities in the 5-8 m and 73-80 m intervals may be due to the presence of pigmentary (largely superparamagnetic) hematite, to ironrich clay minerals, or to enhanced preservation of fine-grained magnetite in the reddish (more oxidized) intervals. The reddish interval at 73-80 m has a lower sedimentation rate ( Fig. 13; Table 3 ) based on identification of polarity chrons, and we suspect that lower sedimentation rates also characterize the 5-8 m interval. The lower sedimentation rates would enhance oxidation of organic matter at the sediment-water interface, thereby retarding the reduction of sulfate to sulfide during early diagenesis. This, in turn, would minimize the dissolution (reduction) of fine-grained magnetite (to iron sulfide) and would allow finegrained pigmentary hematite to grow, possibly from a goethitic or clay mineral precursor (see Channell et al., 1982) . Spectral analysis of the magnetic susceptibility record (Fig. 4) , either in the depth domain or when placed on the CENT94 time scale (Channell et al., 1995a) , indicates no significant power peaks. In contrast, Mayer (1999) deduced the presence of 45, 80, and 180 cm cycles (which he attributed to orbital precession, obliquity, and eccentricity) in the susceptibility and percent carbonate record from a 8.5 m section in the CM10N to CM8 interval at Cismon. 
CONCLUSIONS
The polarity zone pattern at Cismon is not an unambiguous fit to the geomagnetic polarity time scale (GPTS) due to nonuniform sedimentation rates. The interpretation of polarity chrons in the Cismon drill core is facilitated by the recognition of 10 nannofossil events that have consistent correlation to polarity chrons in other Italian land sections and in deep-sea cores. In the 70-76 m interval of the drill core, correlated to the CM4-CM6 interval, the mean sedimentation rate drops to ϳ3 m/m.y. and the polarity chron pattern is not resolved. The low sedimentation rates in this interval are manifest by an interval of reddish nodular limestones within the gray pelagic limestones (Fig. 4) . Close to the base of the drill-core section, within CM8, mean sedimentation rates are ϳ50 m/m.y. The polarity stratigraphy in the adjacent outcrop has been determined over the stratigraphic interval coeval with the drill core, allowing unequivocal correlation of the drill core to the outcrop. The proposed Barremian-Aptian boundary stratotype section at Gorgo a Cerbara has been resampled in the vicinity of CM0. Standard and newly proposed nannofossil events facilitate correlation to Cismon and improve stratigraphic control in the vicinity of the stage boundary.
